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Abstract 
Chronic heart failure (CHF) represents one of the 
major public health problems that often end in sudden 
cardiac death (SCD). Atrial fibrillation (AF) is associated 
with an increased risk of SCD but nowadays there is no 
non-invasive method that accurately predicts that risk. The 
recently developed T-wave morphology restitution (TMR) 
index showed its specific association with SCD risk 
prediction in sinus rhythm subjects with CHF. The aim of 
this work was to investigate the SCD predictive value of 
this index in individuals with AF. TMR was computed from 
171 24-hour ECG Holter recordings from CHF patients 
enrolled in the “MUerte Súbita en Insuficiencia Cardiaca” 
study with AF. There were 19 SCD victims after the 4 
years’ follow-up. The Mann–Whitney U test showed that 
TMR was not significantly different in SCD victims as 
compared to survivors (p=0.617). However, this might be 
due to the huge gap in sample size between both 
populations. Assuming a balanced case-control scenario, 
the TMR value distribution may approach to a normal 
distribution. Under this hypothesis, the t-test was 
performed under the condition of unequal variances 
between both populations, showing a significant difference 
in TMR between both groups (p=0.023). In conclusion, the 
predictive power of TMR index in AF rhythm should not be 




Chronic heart failure (CHF) is a progressive syndrome 
in which the heart is not able to pump enough blood to meet 
the body’s needs [1]. One of the principal consequences of 
CHF is sudden cardiac death (SCD). Previous studies 
report that almost 85% SCDs result from arrhythmic 
causes [2], with atrial fibrillation (AF) being one of them. 
Patients with AF, which accounts for more than 20% of 
SCDs [3], have, on average, a 2.5‐fold increased risk of 
SCD compared with patients without AF [3]. 
Many electrocardiogram (ECG) based indices have 
been proposed in the literature to quantify SCD risk in 
different populations (just to exemplify, see [4]). In 
particular, a novel ECG-based biomarker, the T-wave 
morphology restitution (TMR) index, demonstrated its 
SCD predictive value in CHF patients enrolled in the 
“MUerte Súbita en Insuficiencia Cardiaca” (MUSIC) 
dataset [5]. The TMR index was originally developed and 
tested in subjects with normal sinus rhythm.  
In AF patients, the atria are activated in a non-organized 
way, and this electrical activity manifests on the ECG as a 
pattern of fibrillatory waves (f-waves) and the absence of 
P-waves. These f-waves often overlap with the T-waves, 
resulting in a large variability in T-waves morphology. In 
addition, ECG signals recorded from AF subjects show an 
extremely irregular QRS rate.  
The aim of this work was to assess the predictive value 
of TMR in AF subjects selected from the MUSIC study. 
To overcome the special AF features present during AF 
rhythm, the original algorithm was purposely adapted.  
 
2. Materials and Methods 
2.1. Study population 
The studied cohort consisted of patients with AF rhythm 
from the MUSIC study, a prospective and multicentre 
study designed to assess risk predictors of cardiac 
mortality and SCD in ambulatory patients with CHF [6]. A 
2- (3%) or 3-lead (97%) 24-h ECG Holter recordings 
sampled at 200 Hz ( using ELA Medical equipment - Sorin 
Group, Paris, France) were available for analysis in 
MUSIC study. The original cohort included 992 
consecutive patients in AF, in sinus rhythm, in flutter and 
in pacemaker rhythm [6]. In this work, the study 
population included 171 subjects in AF rhythm, where 128 
Computing in Cardiology 2018; Vol 45 Page 1 ISSN: 2325-887X DOI: 10.22489/CinC.2018.177
patients (75%) were male. The age ranged between 35 
years and 90 years. A total of 49 (29%) were classified as 
being in New York Heart Association (NYHA) class III, 
while the rest were in NYHA class II. The follow-up period 
was 4 years.  
The primary endpoint of this study was SCD. The 
definition of SCD was considered as in [6]. All patients 
signed informed consent and the institutional investigation 
committees approved the study protocol.  
 
2.2. Methods 
2.2.1. ECG pre-processing  
In this study, 171 ECG signals, sampled at 200 Hz were 
analysed. Pre-processing included low-pass filtering at 40 
Hz to remove electric and muscle noise but allow QRS and 
T-wave analysis. Baseline wander was removed by high-
pass filtering at 0.5 Hz. Single lead wavelet-based 
delineation was applied to each available lead to detect and 
delineate the QRS complexes [7]. Then, principal 
component (PC) analysis was applied over all the available 
ECG leads to emphasize the energy of the T-wave and 
improve its delineation [8]. The first PCs were finally 
delineated by using the same single-lead delineation 
technique [7] to derive the T-waves delineation marks (i.e. 
onset, peak and end position). 
 
2.2.2. TMR index computation 
The TMR index was calculated for each individual ECG 
recording. First, the T-waves delineated in the pre-
processing stage were selected and grouped with respect to 
their RR interval. As a result, an RR histogram like that 
shown in Figure 1 was obtained for each ECG signal. This 
Figure illustrates the RR intervals from a particular ECG 
recording along the 24-h recording divided into bins of 10 
milliseconds wide [5]. The number of RR values within 
each bin (i.e. the frequency) is depicted along the Y axis. 
The maximum intra-subject RR range, ΔRR, was defined 
as the maximum RR range symmetric with respect to the 
median RR interval (the green bin in Figure 1), by only 
using those bins with more than 50 RR interval values (the 
orange dotted line in Figure 1 shows this threshold) [5]. 
This limit was imposed to ensure a reliable estimation of 
the average T-wave morphology in each bin. In the case of 
the subject corresponding to Figure 1, the blue and the red 
bins define the lower and upper boundaries of ΔRR.  
An RR-derived formula was implemented in this work 
to improve the delimitation of the T-wave end mark: 
𝑇𝑂𝑓𝑓𝑖 =  𝑇𝑒𝑛𝑑𝑖 +  0.03 ∗ 𝑅𝑅𝑖−1, 
where 𝑇𝑂𝑓𝑓𝑖  is the new T-wave end for the i-th T-wave and 
𝑇𝑒𝑛𝑑𝑖  is the T-wave end resulting from the initial 
delineation. 𝑅𝑅𝑖−1 is the value of the previous R-to-R 
interval, and 0.03 is a correction factor that was tested 
directly on a reduced subset of ECG signals. This new 
implementation was a determinant task for AF ECG signal 
analysis. For instance, since the sampling period was 5 ms 
(i.e. 200 Hz), a T-wave delineation error of 5 samples (25 
ms) due to f-wave noise could introduce a negative bias on 
the TMR computation. Obviously, that issue was not 
considered in the original algorithm, where only sinus 
rhythm ECG recordings were evaluated. In addition, a 
customized method was applied to avoid the presence of f-
waves in the repolarization window after the accurate end 
of the T wave was located. This method was based a 
preliminary computation of the mean warped T-wave as 
proposed in [9]. This preliminary warped T-wave was only 
used to assess its length. Successively, all T-waves in the 
bin were truncated at that length to avoid the contribution 
from extra samples. These were adopted to evaluate the 
warped-average T-wave that was used to calculate the 
TMR index as in the original algorithm [9]. A second mean 
warped T-wave was computed in each red a blue bin by 
using the truncated T-waves. Then we calculated the 
Spearman’s correlation coefficient between each 
individual T-wave in each bin and this second average T-
wave. Thereafter, the mean warped T-wave was 
recalculated for the third time by only considering those 
with a Spearman’s correlation coefficient greater than 
0.98, obtaining the two T‐waves representative of the 
average T‐wave morphology corresponding to the blue and 
red RR intervals. The morphological differences between 
those last two warped-average T‐waves along the temporal 
axis were quantified using the 𝑑𝑤 index [9] that is an ECG-
derived marker [9] that quantifies the amount of warping 
necessary to remove the temporal variation between two 
T-waves. Finally, the TMR index, quantifying the 
variation in the morphology of the T-wave per RR 
increment, was calculated as 𝑑𝑤 normalized by ΔRR [9].  
 
Figure 1: An example of RR histogram with 0.01 s wide 
bins from a particular subject. The blue and red bins are the 
boundary values of the maximum intra-subject RR range.  
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2.2.3. Statistical analysis 
The Lilliefors normality test was performed to verify the 
normality of the distribution of TMR in the SCD, non-
SCD, and whole population groups. Then, the Mann-
Whitney U test was used to test for statistical differences 
in TMR between the SCD and non-SCD populations. 
Successively, under the hypothesis of unequal variances 
(that take into account the different number of patients in 
SCD and non-SCD groups) a two-sample T-test was 
performed to compare the means of TMR values in the 
SCD and non-SCD groups.  
 
3. Results 
Among the 171 subjects constituting the study 
population, 19 were categorised as SCD victims while 152 
were categorised as survivors. For 8 patients from the non-
SCD group, it was not possible to calculate the TMR index, 
as all the T waves in the selected RR bins had a Spearman’s 
correlation coefficient lower than 0.98. Table 1 shows the 
descriptive statistics for continuous clinical variables, 
ΔRR, 𝑑𝑤 and TMR in the SCD, non-SCD and whole 
population groups. Since age, ΔRR, 𝑑𝑤 and TMR did not 
follow a normal distribution, the descriptives are shown as 
the median (interquartile range).  
Boxplots in Figure 2 show the TMR values in the SCD 
and the non-SCD groups. Lilliefors normality test showed 
that the distribution of TMR was normal in the non-SCD 
group (p-value=0.001) but not in the SCD group (p-value 
= 0.199). Then, the Mann-Whitney U test indicated that 
TMR was not significantly different in the SCD group with 
respect to the non-SCD group (p-value= 0.617, Figure 2). 
On the other hand, the T-test showed that the mean of TMR 
was significant higher in the SCD group as compared to 
the non-SCD group (p-value=0.023).  
 
 
Figure 2: Boxplots of TMR in SCD and non-SCD victims. 
Red plus (+) signs indicated the outlier. The p-value from 
the Mann–Whitney U test is given. 
 
Table 1: Descriptive statistics of clinical data, intra subject 
RR range ΔRR (ms), ECG marker 𝑑𝑤 (ms) and T-wave 
morphology restitution TMR (a.u.). Age, follow-up, ΔRR, 
𝑑𝑤 and TMR were expressed as median (interquartile 
range). Binary data like gender, New York Heart 
Association (NYHA) class and missing variables are 
indicated as number (percentage) for sudden cardiac death 
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The TMR index represents an innovative tool proposed 
to predict SCD risk in sinus rhythm subjects suffering from 
CHF. AF is associated with an increased risk of SCD and 
thus we tested this new biomarker in these patients, since 
it had never been investigated.  
Due to the particular features of ECG signals recorded 
from AF subjects, several changes were performed to the 
original algorithm. First, the algorithm was customized to 
avoid the overlapping between the T-waves and the f-
waves at the end of the analysis window. Second, a new T-
wave end marker was computed to improve the definition 
of the repolarization window. The computation of this new 
end marker was crucial because the delineation performed 
in the original algorithm relied on the correct identification 
of the T-wave in all the leads. This was certainly safe in a 
non-pathological rhythm, but during AF, the f-waves 
overlap the T-waves and thus the T-wave end was not 
easily identifiable. Then, an incorrect T-wave end was 
often detected. On the other hand, the RR interval was 
always correctly assessed since R peaks were 
unequivocally identified and it was not affected by the 
noises or by errors in the delineator. Consequently, the T-
wave duration was calculated based on the previous RR 
interval (as it strongly influences the actual heartbeat). 
Figure 3 depicts an example showing the overall effects of 
these improvements. These modifications allowed us to 
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apply the TMR index investigation in almost all the AF 
rhythm signals in this study. However, we were still unable 
to derive TMR from a 5% of subjects from the non-SCD 
group due to the presence of prominent f-waves, noise or 
other types of variability within the RR bins. 
As the distribution of TMR in the SCD group did not 
pass the normality test, we applied the Mann–Whitney U 
test to assess differences in TMR between the SCD and 
non-SCD groups, but we did not find those differences to 
be statistically significant. However, this study with 
consecutive patients had a small number of patients in the 
SCD group. In this situation, it is known that the statistical 
power also declines [10], and the normality test could have 
failed even if the underlying distribution was normal [10]. 
Considering that, the t-test for groups of different variances 
was also tested showing significant differences between 
both groups (p=0.023). This finding suggests that the TMR 
prognostic value should not be excluded.  
 
Figure 3: Combined effect of the overall improvements 
adopted in this work for the calculation of TMR from ECG 
recordings with AF rhythm. The average-warped T-waves 
are shown in red, on top of the individual, warped and 
aligned with respect to their onset T-waves from a 
particular RR bin, shown in black. Upper panel: Presence 
of f-waves within the analysis window. As a result, a long 
non-physiological “tail” is confused as part of the T-wave. 
Bottom panel: Correct delimitation of the T-wave thanks 
to the new modifications implemented in the original 
algorithm. Extra samples were discarded.  
 
5.  Conclusions 
The T-test significant result in contrast with the one 
from Mann-Whitney U-test highlights that the SCD 
predictive power of TMR index in AF rhythm needs a more 
in-depth study. Future studies will include a wider pool of 
individuals in which there is a 1:1 case-control ratio to 
validate our hypothesis that TMR would predict SCD in 
CHF patients with AF if the SCD and Non-SCD group 
sample sizes were balanced. 
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